Introduction
============

Colorectal cancer is the third most commonly diagnosed cancer in males and the second most in females worldwide, with an estimated 1.4 million cases occurring in 2012[@B1]. The incidence of colorectal cancer in developing countries is increasing, which is partly attributable to lipid metabolism [@B1]-[@B2]. Colorectal cancer is the fourth most lethal disease among all malignancies in males and the third most in females, with an estimated 693,900 deaths occurring in 2012[@B1]. Platinum (including cisplatin (CDDP), oxaliplatin (L-OHP), nedaplatin and so on) remains one of the most effective and most commonly used drugs to treat this disease [@B3]. Unfortunately, resistance to chemotherapy remains a critical barrier to the development of an effective cure [@B1], [@B3]-[@B4]. More than 35% of colorectal cancer patients die within 5 years after diagnosis, even in developed countries such as the United States [@B4].

Most in vitro experimental studies of anticancer drugs testing and resistance mechanisms are performed with monolayer cell cultures (two-dimensional (2D) cell cultures) [@B5]-[@B6]. 2D cell cultures are not an optimal experimental system for studies of anticancer drugs because these cultures do not well recapitulate solid tumor tissue architecture in vivo, and the architecture is important for tumor cells\' biological behaviors, including chemosensitivity [@B7]-[@B10]. Three-dimensional (3D) cell cultures represent a better approximation of solid tumor tissue architecture than 2D cultures do [@B7]-[@B12].

A few researchers have reported that certain types of tumor cells in 3D cultures are more sensitive to specific anticancer drugs than in 2D cultures[@B13], but most researchers believe that most tumor cells in 3D cultures are more resistant to anticancer drugs[@B7], [@B9]-[@B11], [@B14]. The differences in sensitivities to most drugs are not attributed to drug concentrations because drug penetration and delivery in 3D cultures has been shown to be negligible for most anticancer drugs, including platinum, 5-fluorouracil, carmustine, lomustine, chlorambucil, bleomycin, and mitomycin, among others [@B9]-[@B10].

In the present study, we explored the influence of architecture on the response of human colorectal cancer cells to platinum using both 2D cultures and 3D cultures. Our data demonstrate that 3D architecture conferred decreased chemosensitivity to platinum, by or partly by weaker p53 induction.

Materials and Methods
=====================

Cell lines and cell culture
---------------------------

The human colorectal cancer cell lines HCT116, LoVo and the human embryonic kidney cell line 293T were obtained from the Cell Bank of the Chinese Academy of Science.

2D cultures were routinely grown and passaged as previously described [@B7]. In brief, cells were grown in McCoy\'s 5A (Gibco, Grand Island, NY, USA, Cat: 16600108) (HCT116), F12K (Gibco, Cat: 12500-062) (LoVo) or DMEM (Gibco, Cat: 12100-046) (293T) supplemented with 100 ml/L fetal bovine serum (Gibco, Cat: 10438018), 100,000 IU/L penicillin, and 100 μg/ml streptomycin (Gibco, Cat: 15140122) under a humidified atmosphere of 5% CO~2~ at 37°C.

3D cultures were prepared by using the liquid overlay technique as previously described [@B7]-[@B8]. In brief, exponentially growing cancer cells were seeded into plates that had been previously coated with 2% agarose. The plates were then gently horizontally swirled for 10 minutes every 6 hours for the first 24 hours. The cells were incubated under a humidified atmosphere of 5% CO~2~ at 37°C. The medium was appropriately refreshed every day.

Hematoxylin and eosin (H&E) staining
------------------------------------

HCT116 3D cultures were fixed in 4% paraformaldehyde, and OCT-embedded samples were sectioned at a thickness of 10 μm. Sample slides were routinely stained with H&E [@B12].

LoVo 3D cultures were fixed in 4% paraformaldehyde, and paraffin-embedded samples were sectioned at a thickness of 6 μm. Sample slides were routinely stained with H&E [@B15].

Slides preparation for transmission electron microscopy
-------------------------------------------------------

Sample slides were routinely prepared as previously described [@B7], [@B11]. In brief, 3D cultures were fixed in 2.5% glutaraldehyde and then in 1% osmium tetroxide. Samples were dehydrated using graded alcohol, and ultrathin sections were generated. The sections were stained with uranium acetate and lead citrate and observed using a transmission electron microscope (TECNAI10, Philip, Holland).

Lentiviral delivery of shRNA
----------------------------

p53 was knocked down by lentiviral vector-mediated small hairpin (sh) RNA interference using The RNAi Consortium system (Open Biosystems, Inc., Huntsville, AL, USA) according to the manufacturer\'s instructions[@B6], [@B11]. In brief, a p53-targeting shRNA-pLKO.1 vector or a control shRNA-pLKO.1 vector, with the packaging plasmid pCMV-Dr8.91 and the enveloping plasmid pCMV-VSV-G, was co-transfected into 293T cells using Lipofectamine^®^ 2000 (Invitrogen, Carlsbad, CA, USA, Cat: 11668-030) according to the manufacturer\'s instructions. Virus-containing medium was collected at 48 and 72 hours post-transfection and was filtered. Cells were infected with lentivirus encoding the shRNA targeting p53 or with control lentivirus and were then selected using puromycin (Sigma-Aldrich, St. Louis, MO, USA, Cat: P8833). The sense sequence of the shRNA targeting p53 is GACTCCAGTGGTAATCTACT[@B6]. Control shRNA (shcontrol) is targeted against green fluorescent protein, and the sense sequence of this shRNA is TACAACAGCCACAACGTCTAT[@B11]. Knockdown efficiency was confirmed by western blot.

Water-soluble tetrazolium salt (WST) assay
------------------------------------------

Cells were treated with 50 μg/ml CDDP or 20 μg/ml L-OHP for 24 hours. Control cultures received 10 μl PBS (Fig. [1](#F1){ref-type="fig"}C and 3F) or SP600125 (Fig. [4](#F4){ref-type="fig"}C) only. Cell viability was assayed using WST (2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt). The WST assay was performed using Cell Counting Kit 8 (Dojindo Laboratories, Kumamoto, Japan, Cat: CK04) according to the manufacturer\'s instructions, as previously described [@B7], [@B12]. In brief, 2D cultures or 3D cultures detached using accutase were incubated with WST/media for 2-4 hours, after which the absorbance at 450 nm was measured using a microplate reader with a reference wavelength of 650 nm. Cell viability was normalized to the control.

Clonogenic assay
----------------

Clonogenic assay in vitro was routinely grown and passaged as previously described [@B11]-[@B12]. In brief, the same numbers of cells were treated with 50 μg/ml CDDP for 24 hours. Then, the 3D cultures were detached using accutase, and the same ratio of single-cell suspensions was seeded into 24-well plates in duplicate. The cells were cultured at 37°C for 7 days and were subsequently stained with crystal violet.

Immunohistochemical staining
----------------------------

HCT116 3D cultures were fixed in 4% paraformaldehyde, and OCT-embedded samples were sectioned at a thickness of 10 μm. Immunohistochemistry was performed according to the protocol of the SPlink Detection Kits (ZSGB-BIO, Beijing, China, Cat: SP-9000), as previously described [@B12], [@B15].

Apoptosis assay
---------------

shcontrol HCT116 3D cultures and shp53 HCT116 3D cultures were treated with 20 μg/ml CDDP for 24 hours and then fixed in 4% paraformaldehyde. OCT-embedded samples were sectioned at a thickness of 10 μm. The terminal deoxynucleotidyl transferase-mediated nick end-labeling (TUNEL) stain was used to detect DNA fragmentation resulting from apoptosis via an In Situ Cell Death Detection Kit, Fluorescein (Roche, Germany, Cat: 11684795910), according to the manufacturer\'s instructions, as described previously [@B7].

Preparation of cell lysates
---------------------------

Cells were lysed in RIPA buffer (50 mM Tris base, 150 mM NaCl, 1% Nonidet P-40, 0.25% Na-deoxycholate, 1 mM EDTA) with protease inhibitors and phosphatase inhibitors (1 mM PMSF, 5 μg/ml leupeptin, 2 μg/ml pepstatin, 4 μg/ml aprotinin, 10 mM NaF, 1 mM Na3VO4, and 10 mM β-glycerophosphate disodium salt pentahydrate) for 30 minutes on ice. Following centrifugation (26,000 g, 16 minutes, 4°C), the supernatant was collected as total cell protein [@B11]-[@B12].

Western blot analysis
---------------------

The protein was resolved by SDS/PAGE and blotted on nitrocellulose membranes (Bio-Rad, Richmond, CA, USA, Cat: 162-0115) as previously described [@B2], [@B7]. The nitrocellulose membranes were incubated with specific primary antibodies overnight. After incubation with secondary antibodies, immunoreactive proteins were visualized using the Enhanced Chemiluminescent Substrate (Thermo Scientific, Pittsburgh, PA, USA, Cat: 34095).

Primary antibodies against cleaved caspase 3 (Cat: 9664, 1:500), p53 (Cat: 2524, 1:1000), phospho-p53 (Cat: 9286, 1:500), β-catenin (Cat: 9582, 1:1000), γ-H2AX (Cat: 9718, 1:1000), α-tubulin (Cat: 3873, 1:1000), β-actin (Cat: 3700, 1:1000), Histone H3 (Cat: 3638, 1:1000) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Cat: 8884, 1:1000); the phospho-mitogen-activated protein kinase (MAPK) Family Antibody Sampler Kit (Cat: 9910, 1:1000); and HRP-linked secondary antibodies were from Cell Signaling Technology (Beverly, MA, USA).

MAPK activation inhibitors
--------------------------

The c-Jun N-terminal kinase (JNK) inhibitor SP600125 [@B16] (Cat: S1460) and the p38 inhibitor SB202190 [@B17] (Cat: S1077) were from Selleck Chemicals (Houston, TX, USA).The MAPK/extracellular signal-regulated kinase (ERK) kinase 1/2 inhibitor U0126 [@B18] (Cat: 9910) was from Cell Signaling Technology.

Statistical analyses
--------------------

The data shown represent the mean ± standard error. Statistical differences between groups were analyzed by Student\'s t-test or one-way ANOVA. *p*\< 0.05 was considered statistically significant.

Results
=======

3D architecture confers decreased sensitivity to platinum in colorectal cancer
------------------------------------------------------------------------------

The phenotypes of the colon cancer cell lines HCT116 and LoVo when cultured as 2D and 3D cultures were analyzed. Colon cancer cells cultured on plastic (2D) grew as flat monolayers (Fig. [1](#F1){ref-type="fig"}A and B). When maintained under the 3D culture condition, colon cancer cells formed multicellular spheroids (Fig. [1](#F1){ref-type="fig"}A and B). H&E staining showed that the multicellular spheroids consisted of layers of cells. Necrotic core was not found (Fig. [1](#F1){ref-type="fig"}A and B). By employing a transmission electron microscope, cell-cell junctions were found in most cells in HCT116 3D culture (Fig. [S1](#SM1){ref-type="supplementary-material"}).

To explore the role of 3D architecture in chemosensitivity, cells were treated with platinum because it was well elucidated that platinum penetration and delivery in 3D cultures is negligible [@B9]-[@B10]. Cell viability was assayed using WST. 3D cultures displayed a significant decrease in chemosensitivity compared with 2D cultures (*p*\<0.01) (Fig. [1](#F1){ref-type="fig"}C). The cell viability of HCT116 3D cultures treated with CDDP was 51.8±3.9%, whereas that of 2D cultures was 25.4±1.8% (*p*\<0.01). The cell viability of HCT116 3D cultures treated with L-OHP was 62.7±3.0%, whereas that of 2D cultures was 32.3±2.7% (*p*\<0.01). For LoVo cells, the viability of 3D cultures treated with CDDP was 69.1±3.7%, whereas that of 2D cultures was 52.4±2.7% (*p*\<0.01). The cell viability of LoVo 3D cultures treated with L-OHP was 68.3±4.1%, whereas that of 2D cultures was 48.9±2.8% (*p*\<0.01). The results of the clonogenic assay were consistent with those of the WST assay. The clonogenicity of the HCT116 3D cultures and LoVo 3D cultures was much higher than that of the respective 2D cultures (Fig. [1](#F1){ref-type="fig"}D).

Weaker p53 induction contributes to the 3D architecture-mediated decrease in chemosensitivity
---------------------------------------------------------------------------------------------

Platinum kills cells by damaging DNA and p53 plays a key role in the DNA damage response [@B19]-[@B21]. Therefore, the role of p53 in the 3D architecture-mediated decrease in sensitivity to platinum was explored.

Platinum increased the p53 protein level in both HCT116 and LoVo cells (both of them contain stabilized wild-type p53 protein [@B22]-[@B23]), regardless of whether the cells were in 2D or 3D cultures (Fig. [2](#F2){ref-type="fig"}). p53 protein was increased by platinum in a dose-dependent and time-dependent manner (Fig. [2](#F2){ref-type="fig"}). There was no detectable difference in basal p53 levels between 3D cultures and 2D cultures but CDDP induced less p53 in both HCT116 3D cultures and LoVo 3D cultures. (Fig. [2](#F2){ref-type="fig"}C and D).

Although it was well elucidated that platinum penetration and delivery in 3D cultures is negligible [@B9]-[@B10], γ-H2A.X, a maker of DNA damage [@B24], was assayed by western blot to confirm this aspect. CDDP induced similar γ-H2AX protein in HCT116 3D cultures as in 2D cultures (Fig. [2](#F2){ref-type="fig"}E). This finding suggests that 3D architecture does not decrease the concentration of CDDP to cells in 3D cultures.

Following DNA damage, cells activate the DNA damage response, which either leads the cell to repair the lesion, promoting resistance to platinum, or causes cell death due to activation of the apoptotic response [@B19]-[@B20], [@B25]. p53 has been shown to play a key role in the DNA damage response in that p53 can initiate DNA repair; cell cycle arrest; senescence; and, notably, apoptosis[@B19]-[@B20], [@B25]. Hence, the role of p53 and apoptosis in 3D architecture-mediated decreased sensitivity to platinum was explored.

p53 was knocked down using The RNAi Consortium system. The efficiency and specificity of the sequence of the shRNA targeting p53 were previously verified [@B6]. Western blot showed that lentiviral delivery of the shRNA targeting p53 efficiently knocked down p53 in HCT116 3D cultures and that shcontrol did not detectably change the p53 protein level (Fig. [3](#F3){ref-type="fig"}A and B). Immunohistochemistry showed that p53 was expressed uniformly in cells in HCT116 3D cultures and that knockdown of p53 uniformly decreased its expression in cells (Fig. [3](#F3){ref-type="fig"}C). Western blot also showed that the system efficiently decreased CDDP\'s induction of p53 and p-p53. Knockdown of p53 significantly decreased cleaved caspase 3, which plays a central role in the execution phase of cell apoptosis, in 3D cultures (Fig. [3](#F3){ref-type="fig"}D and E) and 2D cultures (Fig. [3](#F3){ref-type="fig"}F)[@B26]. To confirm that knockdown of p53 decreased apoptosis induced by platinum treatment, TUNEL staining was used to detect apoptosis in HCT116 3D cultures. Treatment with 20 μg/ml CDDP for 24 hours clearly induced less apoptosis in HCT116 3D cultures with p53 knockdown than in shcontrol HCT116 3D cultures (Fig. [3](#F3){ref-type="fig"}G).

Inducing apoptosis is an important way of platinum killing cells by DNA damage [@B19]-[@B21]. Because knockdown of p53 decreased apoptosis induced by platinum, knockdown of p53 might decrease sensitivity to platinum. To validate this hypothesis, chemosensitivity was assayed using WST. Knockdown of p53 significantly decreased chemosensitivity (*p*\<0.01) (Fig. [3](#F3){ref-type="fig"}H). The cell viability of shcontrol HCT116 3D cultures treated with CDDP was 48.6±3.7%, whereas that of treated HCT116 cells with p53 knockdown was 64.4±3.1% (*p*\<0.01). The cell viability of shcontrol HCT116 3D cultures treated with L-OHP was 62.0±2.9%, whereas that of treated HCT116 cells with p53 knockdown was 73.0±2.1% (*p*\<0.01).

MAPKs (JNK1/2, p38 and ERK1/2) do not play a dominant role in the 3D architecture-mediated p53-dependent decrease in chemosensitivity
-------------------------------------------------------------------------------------------------------------------------------------

MAPKs play a remarkable role in apoptosis [@B5], [@B16], [@B18], [@B27]-[@B28]. JNK1/2, p38 and ERK1/2, three groups of MAPKs, have been reported to be related to platinum resistance and p53 [@B20]-[@B21], [@B29]-[@B30]. Here, the roles of JNK1/2, p38 and ERK1/2 in the 3D architecture-mediated p53-dependent decrease in chemosensitivity were explored.

HCT116 3D cultures were treated with 20 μg/ml CDDP for different amounts of time. Western blot showed that JNK1/2 was activated in a time-dependent manner (Fig. [4](#F4){ref-type="fig"}A and B). Knockdown of p53 decreased CDDP\'s activation of JNK1/2 in HCT116 3D cultures (Fig. [4](#F4){ref-type="fig"}A). CDDP\'s activation of JNK1/2 was remarkably inhibited by 20 μM SP600125 treatment 1 hour prior to CDDP treatment. Inhibition of JNK1/2 activation did not detectably change CDDP\'s induction of p53 in HCT116 3D cultures (Fig. [4](#F4){ref-type="fig"}B). These results indicate that p53 activates JNK1/2 in response to CDDP treatment, and this led to the hypothesis that JNK1/2 might play a role in the 3D architecture-mediated p53-dependent decrease in chemosensitivity. Then, chemosensitivities of HCT116 shcontrol 3D cultures were assayed. The result was opposite to our hypothesis: pretreatment with 20 μM SP600125 1 hour prior to platinum treatment significantly increased chemosensitivity (*P*\<0.05) (Fig. [4](#F4){ref-type="fig"}C). The cell viability of shcontrol HCT116 3D cultures pretreated with SP600125 prior to CDDP was 38.4±2.8%, and that of shcontrol HCT116 3D cultures pretreated with SP600125 prior to L-OHP was 49.1±4.4%. These findings indicate that JNK1/2 do not play a dominant role in the 3D architecture-mediated p53-dependent decrease in chemosensitivity.

To explore the role of p38 in the 3D architecture-mediated p53-dependent decrease in sensitivity to platinum, both HCT116 3D cultures and LoVo 3D cultures were treated with CDDP for different amounts of time or were treated with a gradient of L-OHP for 24 hours. p-p38 protein was then analyzed by western blot. p38 was activated by platinum treatment in a dose-dependent and time-dependent manner (Fig. [4](#F4){ref-type="fig"}A, [5](#F5){ref-type="fig"}, 6A and 6B). Knockdown of p53 did not detectably change the p-p38 level induced by CDDP treatment (Fig. [4](#F4){ref-type="fig"}A). CDDP\'s activation of p38 was remarkably inhibited by 20 μM SB202190 treatment 1 hour prior to CDDP (Fig. [6](#F6){ref-type="fig"}A). Though inhibition of p38 activation decreased CDDP\'s induction of p53 (Fig. [6](#F6){ref-type="fig"}A), there was no detectable difference in CDDP\'s induction of p-p38 between HCT116 2D cultures and 3D cultures (Fig. [6](#F6){ref-type="fig"}B). These findings suggest that p38 does not play a role in the 3D architecture-mediated p53-dependent decrease in chemosensitivity.

The role of ERK1/2 in the 3D architecture-mediated p53-dependent decrease in chemosensitivity was explored in a similar way as for p38. ERK1/2 was activated in a dose-dependent and time-dependent manner by platinum treatment (Fig. [4](#F4){ref-type="fig"}A, [5](#F5){ref-type="fig"} and 6C). Knockdown of p53 did not detectably change the p-ERK1/2 level induced by CDDP treatment (Fig. [4](#F4){ref-type="fig"}A). CDDP\'s induction of p-ERK1/2 was remarkably inhibited by 20 μM U0126 treatment 1 hour prior to CDDP (Fig. [6](#F6){ref-type="fig"}C). Inhibition of ERK1/2 activation did not detectably change CDDP\'s induction of p53 in HCT116 3D cultures (Fig. [6](#F6){ref-type="fig"}C). These findings suggest that ERK1/2 do not play a role in the 3D architecture-mediated p53-dependent decrease in chemosensitivity.

In summary, although knockdown of p53 decreasing CDDP\'s induction of p-JNK1/2 and inhibition of p38 activation decreasing CDDP\'s induction of p53 were observed in HCT116 3D cultures, MAPKs (JNK1/2, p38 and ERK1/2) do not play a dominant role in the 3D architecture-mediated p53-dependent decrease in chemosensitivity.

Discussion
==========

Solid tumor cells in vivo proliferate, survive and response to stimuli in a specific tissue architecture [@B9]-[@B11]. Most in vitro experiments on cancer are performed with 2D cultures [@B5]-[@B6], but 2D cultures do not well recapitulate tissue architecture [@B9]-[@B12]. In 3D cultures, cells adhered to each other within layers of cells, and cell-cell junctions were commonly found (Fig. [1](#F1){ref-type="fig"}A, B and Fig. [S1](#SM1){ref-type="supplementary-material"}). Their structures were more similar to those of tumors at avascular stage, avascular tumor regions or micrometastases than 2D cultures were [@B8]-[@B12]. Therefore, 3D cultures represent a better approximation of solid tumor tissue architecture *in vivo* [@B7]-[@B12].

Accumulating evidences demonstrate that the architecture of 3D cultures influences cell proliferation (3D cultures contain a core of cells which undergoes senescence), cell survival, nutrient supply, oxygen tension, pH and so on [@B7]-[@B10], [@B31]-[@B32]. These may play roles in chemosensitivity, more or less [@B7]-[@B10], [@B31]-[@B32]. 3D cultures displayed significantly decreased sensitivity to platinum compared with 2D cultures (Fig. [1](#F1){ref-type="fig"}C and D). Tumors in vivo were also reported to present the same characteristics [@B7]-[@B10], [@B31]. These data suggest that 3D cultures have the potential to provide predictable results regarding cancer chemotherapeutics [@B7], [@B9]-[@B12].

Platinum damages DNA by binding to and causing crosslink of DNA to kill cells [@B19]-[@B20]. Following DNA damage, cells respond by activating a DNA-damage response that either leads the cell to repair the lesion, promoting resistance to chemotherapy, or causes cell death by activation of the apoptotic response [@B19]-[@B20], [@B25]. Protein p53 plays a key role in the response to platinum-induced DNA damage [@B19]-[@B20]. In the current study, platinum treatment increased p53 protein level in a time-dependent and dose-dependent manner. 3D architecture clearly decreased p53 induced by CDDP (Fig. [2](#F2){ref-type="fig"}). Knockdown of wild-type p53 (Both HCT116 and LoVo contain a stabilized wild-type p53 protein [@B22]-[@B23].) decreased sensitivity to platinum (Fig. [3](#F3){ref-type="fig"}). These findings indicate that 3D architecture confers decreased chemosensitivity to platinum, by or partly by weaker p53 induction. This may contribute to explain the phenomenon that tumors in vivo display significantly a decreased chemosensitivity than 2D cultures do [@B7], [@B9]-[@B10], [@B31]. At the same time, loss of p53 or mutated *p53* is frequently observed in human carcinomas [@B19], [@B33]-[@B34]. *P53*mutations can also inactivate the protein\'s normal function [@B19], [@B34]. Our results may also contribute to explain that loss of p53 or mutated *p53* often acquires oncogenic activities conferring drug resistance and that loss of p53 or mutated *p53*is a negative predictor for survival of cancer patients, including colorectal cancer patients [@B33]-[@B36].

The role of apoptosis in the function of p53 in the DNA damage response is well established [@B19]-[@B20], [@B25]. p53 mediates the DNA-damage response in that p53 can initiate DNA repair; cell-cycle arrest; senescence; and, notably, apoptosis [@B19]-[@B20], [@B25]. If DNA damage is too great or repair is ineffective, cellular death pathways, such as apoptosis, are stimulated [@B19]-[@B20]. The fact that knockdown of wild-type p53 decreased apoptosis induced by platinum in the present study (Fig. [3](#F3){ref-type="fig"}) suggests that apoptosis may be involved in the 3D architecture-mediated p53-dependent decrease in sensitivity to platinum.

The MAPK cascade is a critical pathway for human cancer cell apoptosis and resistance to chemotherapy [@B5], [@B16], [@B18], [@B27]-[@B29]. There are 4 independent MAPK pathways composed of 4 signaling families: JNK, p38 signaling families, the MAPK/ERK family and the Big MAP kinase-1[@B28]. In the current study, it was clearly observed that platinum activated JNK1/2, p38 and ERK1/2 in a dose-dependent and time-dependent manner in colon cancer cell 3D cultures (Fig. [4](#F4){ref-type="fig"}-[6](#F6){ref-type="fig"}). These results are consistent with other reports using 2D cultures or in vivo models [@B5], [@B27], [@B29]. In HCT116 3D cultures, knockdown of p53 decreased CDDP\'s induction of p-JNK1/2, and inhibition of p38 activation decreased CDDP\'s induction of p53. However, inhibition of JNK1/2 activation enhanced HCT116 3D cultures\' chemosensitivity, and no difference was observed in CDDP\'s activation of p38 between HCT116 2D cultures and 3D cultures (Fig. [6](#F6){ref-type="fig"}B). These findings indicate that MAPKs (JNK1/2, p38 and ERK1/2) do not play a dominant role in the 3D architecture-mediated p53-dependent decrease in chemosensitivity. Further experiments are needed to clarify the complicated mechanism.

Conclusions
===========

Our results suggest that colorectal cancer cell 3D cultures represent a better approximation of solid tumor tissue architecture, especially cell-cell adhesion, in vivo than 2D cultures do and confer decreased sensitivity to platinum. Weaker p53 induction contributes to the control of colon cancer cells\' sensitivity to platinum by 3D architecture. Although p53 regulating JNK1/2 and p38 regulating p53 under the condition of CDDP treatment were observed in HCT116 3D cultures, MAPKs (JNK1/2, p38 and ERK1/2) do not play a dominant role in the mechanism of the 3D architecture-mediated p53-dependent decrease in chemosensitivity.
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![**3D architecture confers decreased sensitivity to platinum in colorectal cancer.** (A-B) HCT116 and LoVo cultured on plastic grew as flat monolayers (left) and formed multicellular spheroids (middle) using the liquid overlay technique. Multicellular spheroids sections were stained with H&E (right). (C) WST assay indicated that 3D cultures were less sensitive to platinum compared with 2D cultures. \*:*p*\<0.01 (D) After 3D or 2D cultures treated with or without CDDP, cells were detached and cultured as monolayer cells for 7 days and were subsequently stained with crystal violet. The clonogenicity of the 3D cultures treated with CDDP was much higher than that of the respective 2D cultures.](jcav07p0900g001){#F1}

![**Platinum induces less p53 in 3D architecture (western blot).**(A) L-OHP induced p53 in a dose-dependent manner. (B) CDDP induced p53 in a time-dependent manner. (C-D) CDDP induced less p53 in 3D cultures than in the respective 2D cultures. Relative quantities of p53 were normalized to β-actin and diagramed, respectively (right). (E) CDDP induced similar γ-H2A.X protein in HCT116 3D cultures as in 2D cultures. Relative quantities of p53 were normalized to α-tubulin and diagrammed (right).](jcav07p0900g002){#F2}

![**Knockdown of p53 decreases sensitivity to platinum in HCT116.** (A) There was no detectable difference in the p53 protein level between Parental and shcontrol cells. Relative quantities of p53 were normalized to GAPDH and diagrammed (right). (western blot) (B) The protein p53 was knocked down by lentiviral delivery of shRNA (shp53), and the efficiency was assayed by western blot. Relative quantities of p53 were normalized to β-actin and diagrammed (right). (C) Immunohistochemical staining of p53 in HCT116 3D cultures. (D) After treatment of CDDP for 24 hours, p53, p-p53 and cleaved caspase 3 in 3D cultures were assayed by western blot. Relative quantities were normalized to their loading control and diagrammed, respectively (right). (E) After treatment of CDDP for 48 hours, p53 and cleaved caspase 3 in 3D cultures were assayed by western blot. Relative quantities were normalized to Histone H3 and diagrammed (right). (F) After treatment of CDDP for 24 hours, p53 and cleaved caspase 3 in 2D cultures were assayed by western blot. Relative quantities were normalized to β-actin and diagrammed (right). (G) After treatment of CDDP for 24 hours, apoptosis was detected with TUNEL stain. (H) Cell viabilities of HCT116 3D cultures were assayed by WST. \*:*p*\<0.01.](jcav07p0900g003){#F3}

![**JNK1/2 do not play a dominant role in the 3D architecture-mediated p53-dependent decrease in chemosensitivity.** (A) MAPKs (JNK1/2, p38 and ERK1/2) were activated by CDDP in a time-dependent manner. Knockdown of p53 decreased CDDP\'s activation of JNK1/2, but not p38 or ERK1/2 (western blot). (B) Cells were treated with vehicle or SP600125 1 hour prior to CDDP treatment. CDDP\'s activation of JNK1/2 was remarkably inhibited by SP600125. Inhibition of JNK1/2 activation did not detectably change CDDP\'s induction of p53 (western blot). (C) Cells were treated with vehicle or SP600125 1 hour prior to CDDP treatment. Cell viability was assayed using WST. Pretreatment with 20 μM SP600125 significantly increased chemosensitivity. \*:*p*\<0.05.](jcav07p0900g004){#F4}

![**Platinum activates p38 and ERK1/2 (western blot).** CDDP activated MAPKs (p38, ERK) in a time-dependent manner in HCT116 3D cultures (A) and LoVo 3D cultures (C). L-OHP activated MAPKs (p38, ERK) in a dose-dependent manner in HCT116 3D cultures (B) and LoVo 3D cultures (D).](jcav07p0900g005){#F5}

![**MAPKs (p38 and ERK1/2) do not contribute to the 3D architecture-mediated p53-dependent decrease in chemosensitivity.** (western blot). (A) Cells were treated with vehicle or SB202190 1 hour prior to CDDP treatment. CDDP\'s activation of p38 was remarkably inhibited by SB202190. Inhibition of p38 activation decreased CDDP\'s induction of p53. (B) There was no detectable difference in p-p38 between 2D cultures and 3D cultures. (C) Cells were treated with vehicle or U0126 1 hour prior to CDDP treatment. CDDP\'s activation of ERK was remarkably inhibited by U0126. Inhibition of ERK activation did not detectably change CDDP\'s induction of p53.](jcav07p0900g006){#F6}
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